Variation in atmospheric [CO 2 ] is a prominent feature of the environmental history over which vascular plants have evolved. Periods of falling and low [CO 2 ] in the palaeo-record appear to have created selective pressure for important adaptations in modern plants. Today, rising [CO 2 ] is a key component of anthropogenic global environmental change that will impact plants and the ecosystem goods and services they deliver. Currently, there is limited evidence that natural plant populations have evolved in response to contemporary increases in [CO 2 ] in ways that increase plant productivity or fitness, and no evidence for incidental breeding of crop varieties to achieve greater yield enhancement from rising [CO 2 ]. Evolutionary responses to elevated [CO 2 ] have been studied by applying selection in controlled environments, quantitative genetics and traitbased approaches. Findings to date suggest that adaptive changes in plant traits in response to future [CO 2 ] will not be consistently observed across species or environments and will not be large in magnitude compared with physiological and ecological responses to future [CO 2 ]. This lack of evidence for strong evolutionary effects of elevated [CO 2 ] is surprising, given the large effects of elevated [CO 2 ] on plant phenotypes. New studies under more stressful, complex environmental conditions associated with climate change may revise this view. Efforts are underway to engineer plants to: (i) overcome the limitations to photosynthesis from today's [CO 2 ] and (ii) benefit maximally from future, greater [CO 2 ]. Targets range in scale from manipulating the function of a single enzyme (e.g. Rubisco) to adding metabolic pathways from bacteria as well as engineering the structural and functional components necessary for C 4 photosynthesis into C 3 leaves. Successfully improving plant performance will depend on combining the knowledge of the evolutionary context, cellular basis and physiological integration of plant responses to varying [CO 2 ].
INTRODUCTION: WHY TAKE AN EVOLUTIONARY PERSPECTIVE?
Assimilation of CO 2 from the atmosphere into biomass by higher plants is fundamental to: (i) providing food, fuel and fibre for human consumption; (ii) supplying energy to terrestrial ecosystems; and (iii) regulating the concentration of atmospheric CO 2 ([CO 2 ]) and climate. In almost all higher plants, photosynthetic CO 2 fixation (A) and stomatal conductance (g s ) are instantaneously sensitive to variation in [CO 2 ] over the range of past to present and/or predicted future [CO 2 ]. The rise in [CO 2 ] starting during the Industrial Revolution and continuing today is notable for how quickly it is altering plant function. Changes in A and g s caused by increasing [CO 2 ] initiate a set of cellular and physiological responses, which typically increase growth and can increase reproductive output. Genotypic variation in almost all elements of these responses creates the potential for ecological and evolutionary consequences over a wide range of timescales.
Plant and ecosystem responses to varying [CO 2 ] are currently best understood at the physiological and ecological levels and on timescales of one generation or less. Investigating plant responses to varying atmospheric [CO 2 ] in an evolutionary context is important because variations in [CO 2 ] over geological timescales are believed to have played important roles in the evolution of ecologically and economically important traits in extant species. In addition, if plants evolve in response to twenty-first century [CO 2 ], changes in future ecosystem structure, function and services will extend beyond what can be predicted from knowledge of physiological and ecological responses to elevated [CO 2 ]. From a practical perspective, there is the possibility that despite major breeding successes, present elite crop varieties may not be adapted for optimal performance under present and future [CO 2 ]. Accordingly, improving plant productivity in high [CO 2 ] environments may be an open opportunity for biotechnology or breeding to improve crop performance now and in the future. This paper builds on previous reviews [1] [2] [3] [4] Detailed evaluation of the approaches available for integrating evolutionary biology with physiology and ecology are reviewed authoritatively elsewhere [5 -7] . 2 ] is proposed to have played a key role in driving the evolution of plants since they colonized the land 400 Ma [8 -12] . Estimates of the palaeo-[CO 2 ] record have been generated by modelling the weathering and burial of Ca -Mg silicates and organic carbon [13] , as well as a range of proxies including stomatal characteristics of fossil leaves [14] and the stable isotope composition of pedogenic carbonates, marine organic matter and fossil bryophytes [15] [16] [17] [18] . There is significant uncertainty associated with each individual methodology and variation across methods [13, 16, 19, 20] . Nevertheless, the following general trend emerges. The earliest land plants became established at high [CO 2 ] (1500 -3000 ppm) before a period of low [CO 2 ] (less than or equal to 1000 ppm), which started 350 Ma and lasted 50-100 Myr (figure 1a). Between 250 -100 Ma [CO 2 ] appears to have been maintained at approximately 1000 ppm. With the exception of a period in the Eocene 40 -50 Ma, all proxies and models indicate [CO 2 ] of less than 1000 ppm for the last 100 Myr (figure 1a).
QUESTION 1: HAVE PLANTS EVOLVED IN RESPONSE TO VARYING [CO 2 ] ON A GEOLOGICAL TIMESCALE? Variation in [CO
Periods of falling or low [CO 2 ] have been linked to the evolution of a number of important plant traits as well as diversification of the vascular flora (figure 1b) [8, 27] . The development of megaphyll leaves in multiple independent lineages was coincident with the transition from high to low [CO 2 ] during the Devonian and Carboniferous 400 -350 Ma [25, 28] . As [CO 2 ] dropped, rates of A would have become increasingly limited by the resistance to diffusion of CO 2 from the atmosphere to the site of fixation by Rubisco. Changes in stomatal density and stomatal size (a combination of pore depth and pore crosssectional area determined from measurements of the entire guard cell complex, which better predicts g s than pore cross-sectional area alone) observed in fossil leaves have been used to drive models predicting increases in maximum g s at this time [14, 23, 29] , which would have relieved resistance to CO 2 diffusion through the epidermis and maintained rates of A [30] . The rise in g s is proposed to have increased the capacity for evaporative cooling of leaves, allowing greater leaf areas to develop for intercepting radiation without causing overheating [25, 28] . These changes in the structure and function of leaves coincided with the first major increase in the number of vascular plant species [24] . Although most data indicate that periods of low [CO 2 ] are associated with novel adaptations and diversification, Willis & McElwain [12] found that over geological timescales, periods of high [CO 2 ] corresponded with greater origination rates of fossil species. These two observations appear contradictory on first examination. However, origination rates are defined as the rate at which new species appear in the fossil record, and this could differ from the rate of change of overall species richness. If this is the case, a combination of decreasing rates of species gain in low [CO 2 ] with even greater decreases in the rate of species loss could be the basis of the observed patterns.
The second major period of falling and low [CO 2 ] (from 100 Ma until the present day) also overlapped with increases in stomatal density and decreases in individual stomatal size that suggest plants were developing greater maximum g s to counteract the CO 2 -limitation of photosynthesis (figure 1b) [14, 23, 29] . This was preceded by a rapid and significant increase of vein density in angiosperm leaves that started 150 Ma [26] . Greater leaf hydraulic conductance resulting from greater vein density would have allowed plants to potentially achieve greater A by delivering more water to the leaf in order to sustain greater stomatal conductance. Therefore, increasing vein density has been proposed to have been a major fitness advantage for angiosperms and contributed to their subsequent radiation (figure 1a,b) [26, [31] [32] [33] . The magnitude of the benefit to A from greater hydraulic conductance supporting greater g s is negatively correlated with [CO 2 ]. Modelling these relationships suggests that increases in hydraulic conductance on the scale observed would support several fold greater A at [CO 2 ] of 280 ppm, but be of more modest benefit (þ13%) at [CO 2 ] of 1000 ppm [26] . The interdependence of the reported variations in [CO 2 ], vein density and stomatal characteristics is hard to determine. The change in vein density appears to have significantly predated the decrease in [CO 2 ] during the Cretaceous, as well as changes in stomatal characteristics (figure 1a,b) [34] . Uncertainties in the palaeo-[CO 2 ] record and dating of samples in fossil studies could contribute to this disparity. This leaves open the possibility that additional data will demonstrate that the three events were coordinated, as understanding of physiology in extant species would lead us to expect. On the other hand, the majority of papers in this field openly acknowledge that other environmental factors also varied during these key periods of plant evolution and could have been the selective agent for adaptive traits. A further possibility related to this scenario is that greater hydraulic capacity was an exaptation [35] that developed under some other selective force but then resulted in further fitness gains when [CO 2 ] subsequently decreased.
An important constraint on the role of varying [CO 2 ] in driving plant evolution that has been rarely discussed is the nonlinearity of [CO 2 ] effects on plant performance and the concentration at which [CO 2 ] is saturating. A survey of a wide variety of modern plant species, including angiosperms and gymnosperms, woody and herbaceous species, indicates that A is almost universally saturated at intercellular [CO 2 ] of less than 700 ppm, which corresponds to atmospheric [CO 2 ] of 1000 ppm [22] . Changes in leaf water use and energy balance associated with altered g s are also minimal above 1000 ppm [36] . If this saturating [CO 2 ] was maintained across the course of plant evolutionary history, it would set a threshold above which variations in [CO 2 ] would have no consequence for plant physiology or fitness (figure 1). For example, in this scenario, the initial decline in [CO 2 ] during the Devonian from peak values of 1500-3000 ppm would have no direct effect on plants until dropping below 1000 ppm 350 Ma (figure 1a). However, the saturating [CO 2 ] for early plants may have been much higher than for modern species. This is partly because the resistance for CO 2 to pass through the epidermis was much greater, owing to their large stomatal sizes and lower stomatal densities [23, 29] . In addition, it is possible that cell wall and chloroplast envelope structures of ancient species reduced mesophyll conductance relative to modern species [37] . Both of these factors would increase the saturating atmospheric [CO 2 ] for photosynthesis [38, 39] [26] ), all of which are expressed relative to the maximum value in the individual records of each parameter from the cited studies.
many ecosystems 3-8 Ma [9] . Molecular clock data calibrated using fossils suggest that the origins of all the known C 4 grass clades occurred between 3 and 32 Ma, and it has been proposed that this was driven by a mid-Oligocene drop in [CO 2 ] that favoured C 4 species over C 3 species because of their greater photosynthetic efficiency at low [CO 2 ], particularly when combined with high temperatures and drought stress (figure 1a,b) [40] [41] [42] . Carbon isotope analysis of pollen grains suggests that a significant fraction (more than 25%) of grass species were C 4 15-33 Ma [43] . Isotopic evidence from organic matter in abyssal sediments of the Atlantic Ocean were initially proposed to suggest that C 4 species might have originated earlier, as much as 90 Ma, but could alternatively be explained by expansion of marine archaea at that time [44, 45] . Crassulacean acid metabolism (CAM) photosynthesis is another adaptation that involves a CO 2 concentrating mechanism to maximize water-use efficiency, and it is estimated to have also evolved in the orchids during the period of relatively low [CO 2 ] ( 65 Ma) [46] , while the cacti diverged from their closest relatives 35 Ma [47] .
In Anthropogenically driven global environmental change since the mid-twentieth century has been detectable against the background variability in climate and atmospheric composition [50] . In addition, biological responses to global environmental change are detectable in both natural and agricultural ecosystems [51] [52] [53] [54] . Included in these biological responses are evolutionary changes across a range of taxa in response to air pollutants, drought and temperature [55] [56] [57] [58] 2 ] has risen from 290 to 390 ppm [51] . However, these changes were interpreted as being driven by an acclimation response, not genetic changes. This is consistent with numerous other studies on diverse taxa, finding that physiological adjustments play more significant roles than evolutionary responses to recent environmental change [59] .
It is possible that crop breeding programmes will have incidentally selected for genotypes with improved responsiveness to elevated [CO 2 ]. This possibility has not been intensively studied, but the available evidence suggests that it is not the case. In fact, the opposite scenario where [CO 2 ] responsiveness has been selected against may have occurred. Two experimental comparisons of wheat genotypes released at different dates over the nineteenth and twentieth centuries both showed that stimulation of yield by elevated [CO 2 ] predicted for mid-to late twenty-first century compared with ambient or pre-industrial [CO 2 ] was greater in genotypes with earlier release dates (figure 2) [60, 61] ). There is also no evidence for a greater CO 2 -fertilization effect on yield of more recently released soybean genotypes in the US Department of Agriculture germplasm collection (R. Nelson & E. A. Ainsworth 2011, unpublished data) . These findings have suggested that optimizing the performance of crops under [CO 2 ] today and in the decades to come will not happen incidentally. Accordingly, high yield under the elevated [CO 2 ] predicted in the future needs to be included as a target in crop breeding and biotechnology programmes [1, 62] . 2 ] will influence plant evolution. The first approach uses 'selection in controlled environments' experiments (sensu [75] e.g. [68, 71] 2 ]. The advantage of the selection in a controlled environment approach is that it specifically tests for whether an evolutionary response occurs; however, the mechanisms underlying the response cannot be identified. The advantage of the quantitative genetic approach is that it identifies how the mechanisms of evolutionary change (altered patterns of natural selection, heritabilities or genetic covariances between traits) are affected by [CO 2 ] and also can identify specific traits underlying adaptation to elevated [CO 2 ] (see Question 4) . Predicting the effects of [CO 2 ] on longterm evolutionary change with this method, however, is complicated by assumptions that heritabilities and covariances remain constant over time [76] .
Most studies that employ the selection in controlled environments approach find limited evidence that plants adapt to elevated [CO 2 ], even though genetic changes in plant traits are often observed. Potvin & Tousignant [68] 
400 600 800 400 600 800 400 600 800 400 600 800 In sum, the available evidence to date suggests that evolutionary responses to elevated [CO 2 ] will not be consistently observed or large in magnitude relative to ecological and physiological responses. This is despite substantial evidence indicating that subambient [CO 2 ] concentrations are an important selective agent [11, 71] [63, 65, 69] or herbivory [85, 86] , evolutionary effects may be more likely in more stressful biotic environments. Similarly, evolutionary effects of elevated [CO 2 ] also may be more likely when plants experience abiotic stress, such as drought or nutrient limitation. Under stressful environments, it is possible that the genetic changes in physiological traits observed in numerous studies may change from being conditionally neutral to beneficial, thereby resulting in differential effects on growth and fitness. Few studies, however, have investigated evolutionary consequences of rising atmospheric [CO 2 ] in suboptimal environmental conditions. Given that temperature and potentially drought stress will increase simultaneously with [CO 2 ], such studies are needed to identify evolutionary effects and traits under selection in future environments. 2 ] than slow growers and differences were also observed between dicots and monocots as well as legumes versus non-legumes [87] . Other meta-analyses and reviews have focused on other traits. Kerstiens [94] found that biomass responses to elevated [CO 2 ] were greater for shade-tolerant species than shade-intolerant species. Similarly, Niinements [39] [95] ), mutant-wild-type comparisons [99] and experimental manipulations of phenotypic traits [100] also may effectively identify traits involved in CO 2 response because focal traits segregate independently of genetic background. Alternatively, modelling approaches [101] can be used to predict which traits are important to fitness/yields in future environments, identifying focal traits for further investigation in empirical studies.
QUESTION 4: WHAT TRAITS ARE FAVOURED
Similar approaches can be applied to interspecific comparisons [102] . While previous interspecific comparisons were largely limited to coarse-scale comparisons among functional groups or to studies on few species in a single clade, the advent of new trait databases, which include physiological, as well as morphological and phenological traits, such as TRY [103] , may allow for robust multi-trait analyses on the hundreds of species for which [CO 2 ] responses have been measured. Although such trait-based approaches have not yet been used to investigate traits underlying [CO 2 ] response, they have been employed to predict changes in community composition in response to other anthropogenic environmental changes (e.g. habitat fragmentation [104] ).
A challenge to all studies focused on finding traits or genes underlying adaptation to elevated [CO 2 ] is that multiple traits are probably involved. For example, interspecific variation in photosynthetic efficiency is not due to one trait, but is instead a result of several physiological traits each with relatively small effects [105] . Moreover, these traits are often correlated and may have synergistic effects [72] . For example, hypothetically, having low A mass and high N mass is expected to yield very unfit genotypes because the high cost of maintaining Rubisco would exceed carbon gains [72] . Many such correlations are probably maintained by selection, suggesting that the correlations may change in response to novel environmental conditions. Although it would require large sample sizes and many trait measurements, in the quantitative genetics framework, correlational selection studies could be used to identify how the adaptive value of one trait depends on other trait values. Similar approaches could be applied to interspecific trait datasets. Alternatively, cluster analyses of morpho-physiological diversity may be used to identify suites of correlated traits underlying adaptation [102] . Cluster analyses have been used to identify traits and potential diversity for improved agronomic breeding to novel stressors, such as drought tolerance [106] .
The trait-based approaches described earlier may be powerful tools for identifying individual traits and suites of correlated traits underlying high fitness in future [CO 2 ]. Ultimately, suites of traits with synergistic interactions are likely to contribute to high fitness in novel environments. As a result, large datasets consisting of many traits for each of many genotypes or species are necessary. Prior palaeoecological studies on evolutionary responses to variation in [CO 2 ] concentration have identified several potential traits that may be involved in [CO 2 ] responses, and modelling approaches may identify many more. Improvements in both the number of traits and number of taxa included in existing trait datasets, as well as identification of likely adaptive traits through modelling or knowledge of physiological responses, may allow for rapid advances in identifying the physiological, phenological and morphological traits that may lead to increased growth and fitness in future, elevated [CO 2 ] environments. Moreover, crosses between distinct genotypes that differ in entire suites of traits may yield novel genotypes and trait combinations that could contribute to fitness and yield improvement in ambient [CO 2 ] versus elevated [CO 2 ].
QUESTION 5: HOW DOES EVOLUTIONARY HISTORY IMPACT AND INFORM EFFORTS TO ENGINEER CROPS FOR IMPROVED PERFORMANCE IN PRESENT AND FUTURE [CO 2 ]?
Circumventing the limitations of current low [CO 2 ] to photosynthesis in many of our main crop plants is a key target for biotechnological efforts to improve crop productivity [107 -110] . In addition, there is emerging recognition that intervention to adapt crops by breeding or biotechnology for optimal performance in elevated [CO 2 ] is needed [111] . In response, targets for selection are beginning to be identified [1] , and approaches that account for the challenges of genetic and trait-based approaches described earlier (Questions 3 and 4) have been proposed [62] . Here, we review present targets for crop improvement related to present and future [CO 2 ].
The enzyme responsible for photosynthetic fixation of CO 2 in all plants, Rubisco (RibUlose-1,5-BISphosphate Carboxylase Oxygenase), is fundamentally inefficient. This stems from a relatively low CO 2 affinity and low carboxylation reaction catalytic rate, which plants compensate for by synthesizing very large quantities of the enzyme, at the expense of a very large fraction of their leaf nitrogen. In addition, a significant fraction of reactions catalysed by Rubisco result in oxygenation rather than carboxylation of RuBP (RibUlose-1,5-BisPhosphate). Recycling of the toxic 2PG (2-PhosphoGlycolate) that is one of the products of the oxygenation reaction is achieved by the photorespiratory pathway, but at the expense of energy, carbon and nitrogen [109] . Efforts to circumvent these inefficiencies fall into three categories. First, engineering of the Rubisco to improve its enzymatic performance. Second, engineering of CO 2 concentrating mechanisms to saturate the carboxylation reaction and suppress the oxygenation reaction. Third, modifications to the photorespiratory pathway that reduce losses of carbon, nitrogen and energy.
There has been considerable selective pressure for the evolution of more efficient Rubisco throughout the history of land plants. During the periods of subsaturating [CO 2 ], which-at a minimum-include 50 Myr in the Carboniferous/Permian and the last 30 Myr (figure 1a) , modifications leading to greater [CO 2 ] specificity, greater catalytic rate or impaired oxygenation without deleterious side-effects could have increased photosynthetic efficiency [110] . During periods of saturating [CO 2 ], modifications leading to greater catalytic rate without deleterious side-effects could have increased photosynthetic efficiency. In each case, greater photosynthetic efficiency would result in greater carbon gain for the same investment in resources, or equivalent carbon gain but with greater water-use efficiency and nitrogen-use efficiency. Nevertheless, it appears that evolution of Rubisco has been constrained in a fundamental manner as it remains the limiting step in metabolism for most modern C 3 plants in many growing conditions.
The factors that have constrained the evolution and engineering of 'improved' Rubisco up until now are becoming better understood [110] . There are three different clades of Rubisco [112] . Clade 1 includes all vascular plants along with cyanobacteria and some algae and proteobacteria. Clade 2 is found in chemoautotrophs, dinoflagellate algae and some proteobacteria. Clade 3 is exclusive to the archaea. They all probably share a common ancestor, which was a methanogenic archaea [112] . Even with considerable variation in amino acid sequence and biological function, key active site residues are conserved across the three clades [113] . This has resulted in a shared activation process and catalytic chemistry that suggests that there are considerable constraints upon modification of enzyme function [114] . One fundamental issue may be that CO 2 directly binds to the RuBP enediol, rather than forming a Michaelis complex with Rubisco, which reduces the capacity for discrimination against O 2 binding [115] . An important trade-off exists in which Rubiscos with greater specificity for CO 2 relative to O 2 have lower catalytic rates (figure 3) [116, 117] . Modelling the effects of variation in Rubisco specificity on canopy photosynthesis while accounting for the constraints of this relationship indicated that the Rubisco specificity and catalytic rate of modern C 3 plants is optimal for [CO 2 ] of approximately 200 ppm [116] . This may reflect adaptation of Rubisco for optimal carbon gain at the average [CO 2 ] of the last 400 000 years. If so, Rubisco evolution has not kept pace with anthropogenic [CO 2 ] rise, and will become increasingly maladapted over the course of this century. In addition, the evolutionary changes that have occurred could be considered fine-scale tuning of Rubisco without solving its more fundamental inefficiencies. Transgenic Rubiscos have been produced that break the trade-off between specificity and catalytic rate, but typically the results have been reduced rather than improved enzyme performance [116] . However, the modelling analysis does emphasize that among the natural diversity of Rubisco, there are enzymes with more favourable characteristics than currently found in C 3 plants. Improved understanding of the expression and assembly of Rubisco is necessary to allow the expression of non-native Rubisco in higher plants. The process is complicated because Rubisco in higher plants is a complex of four dimers of a large subunit encoded in the plastid genome plus eight small subunits encoded in the nuclear genome [110] . Progress has been made in using plastome transformation to replace tobacco Rubisco with bacterial and archaeal Rubiscos [118, 119] . However, attempts to express more efficient red algal and sunflower Rubiscos in tobacco have failed owing to differences in their requirements for protein folding and assembly [110] . An additional molecular constraint to the modification of Rubisco is the need for sugarphosphate inhibitors bound to its active site to be removed during an interaction with Rubisco activase. The identity of residues required for successful interaction with Rubisco activase has been proposed [120] , but awaits experimental confirmation [110] . The absence of regulation by Rubisco activase and colocalization of genes for both Rubisco subunits and chaperone proteins on the plastome may explain why evolution of Rubisco appears to have progressed further in red algae than in higher plants [121] .
While Rubisco engineering attempts to overcome the limitations of natural evolution, an alternative strategy is derived from knowledge of successful natural evolutionary responses in which a CO 2 concentrating mechanism overcomes the CO 2 -limitation of photosynthesis. Higher plants with C 4 and CAM photosynthesis, as well as cyanobacteria with carboxysomes and algae with pyrenoids, all achieve efficient photosynthesis by concentrating CO 2 around Rubisco in order to stimulate carboxylation and inhibit oxygenation. Efforts have begun to engineer these traits in C 3 plants as a means to increase productivity and yield. C 4 photosynthesis is thought to have evolved as an adaptation to limit photorespiration at times of sub-saturating [CO 2 ] [42] . Successful conversion of rice from a C 3 plant to a C 4 plant would likely increase A, water-use efficiency and nitrogen-use efficiency, especially in hotter and drier environments [107] . Achieving this goal will be challenging because C 4 photosynthesis is a highly polygenic trait. Accordingly, it will require not just the expression of genes encoding the enzymes of the CO 2 concentrating mechanism, but also engineering Kranz anatomy and transporters supporting flux between mesophyll and bundle sheath compartments [122] . This is reflected in a proposed evolutionary scheme involving a series of steps in the evolution from C 3 to C 4 photosynthesis: (i) general preconditioning, i.e. gene duplication; (ii) anatomical preconditioning, i.e. close veins; (iii) enhancement of bundle sheath organelles; (iv) addition of photorespiratory pump, including localization of glycine decarboxylase to the bundle sheath; (v) enhancement of Phosphoenol pyruvate carboxylase activity; (vi) integration of components; and (vii) optimization of components [42] . Linked to this knowledge, significant effort has recently focused on determining the transcriptional control of C 4 leaf structural and metabolic development [123] . The fact that C 4 photosynthesis has independently evolved in many genetic backgrounds on different occasions increases the likelihood that successful engineering can be achieved [107] . Specific evidence for this assertion includes that: (i) independent lineages of C 4 species share common mechanisms controlling the localization of key enzymes for C 4 photosynthesis in bundle sheath cells; and (ii) specific localization of enzymes in C 4 leaves to bundle sheath versus mesophyll cells can be achieved by modification of trans-factors without a change in existing cis-regulation of C 3 species [124] .
An effort is also beginning to engineer tobacco plants with carboxysomes from cyanobacteria (http:// www.nsf.gov/news/news_summ.jsp?cntn_id=119017). This could also enhance carbon gain, water-use efficiency and nitrogen-use efficiency. Carboxysomes are structures where photosynthetic enzymes are localized, creating high [CO 2 ]. Engineering carboxysomes into chloroplasts of crop plants would effectively create an evolutionary flashback to when cyanobacteria were symbiotically recruited into host cells as the precursors of chloroplasts. While the strategy requires conglomeration of traits from now distantly related species, it benefits from being limited to manipulation of metabolism within individual cells.
An alternative in preventing photorespiratory losses by the development of CO 2 concentrating mechanisms is direct manipulation of the photorespiratory pathway in order to prevent or reduce the typical losses of carbon, nitrogen and energy once the oxygention reaction has produced 2PG [109] . Two independent approaches in achieving this goal have inserted multi-enzyme pathways into plant chlorolasts. The first fully oxidizes glycolate in the chloroplast into CO 2 [125] . The second inserts a bacterial pathway into the chloroplast that converts glycolate into glycerate (producing some CO 2 as a by-product), which can then be phosphorylated and re-incorporated into the Calvin cycle [126] . Both modifications are beneficial because they: (i) release CO 2 in the chloroplast that can be refixed by Rubisco, potentially at higher concentrations; (ii) avoid release Figure 3 . Assuming a fixed number of Rubisco active sites per unit leaf area and the dependence of catalytic rate per active site ðk c c Þ on specificity described for different photosynthetic organisms by Zhu et al. [116] , the line shows, for any given atmospheric [CO 2 ], the specificity (t) that will give the highest light-saturated rate of leaf photosynthetic CO 2 uptake (A sat ). The average t for terrestrial C 3 crop plants (92.5) is indicated (t 1 ) together with the interpolated atmospheric [CO 2 ] at which it would yield the maximum A sat (C 1 ). Point t 2 is the specificity that would yield the highest A sat at the current [CO 2 ] of the atmosphere (C 2 ). At C 2 , decrease in t from present average (t 1 ) to the optimum for current [CO 2 ] (t 2 ) can increase light-saturated leaf photosynthetic carbon uptake by 12%. Reproduced with permission from Zhu et al. [116] .
of ammonia and the energetic cost usually associated with its reassimilation; and (iii) produce additional reducing equivalents in the chloroplast [109] . Expression of the bacterial pathway in Arabidopsis led to a 30 per cent stimulation of biomass production [127] . One potential problem that remains to be tested is whether excess reducing equivalents will be produced under high light conditions, as photorespiration can play an important role as an alternative electron sink during periods of stress that impair photosynthetic quenching [109, 128] .
All of the approaches to enhancing photosynthesis described above tackle the limitation to photosynthesis by current [CO 2 ]. They address the urgent need to boost crop production in the face of growing food insecurity. However, looking further into the future, the continuing rise of [CO 2 ] will gradually diminish this limitation to photosynthesis and optimization of crop productivity will present a modified set of challenges. 2 ] has allowed preliminary identification of targets for biotechnological improvement [1] .
Future, elevated [CO 2 ] will favour replacement of Rubisco in C 3 crops with Rubisco that has lower specificity and greater catalytic rate (derived from C4 species or algae) even more so than under present conditions [116] . Some organisms are capable of expressing different Rubiscos whose characteristics are tailored to variation in growth conditions [127] . Engineering such a regulatory system into crops could provide additional benefits, such as expressing different Rubiscos in sun and shade leaves [116] .
At elevated [CO 2 ], A becomes limited by the capacity for regeneration of RuBp [129] . Modelling suggests that allocation of greater nitrogen resources to enzymes involved in RuBp regeneration in the Calvin cycle will stimulate photosynthesis at elevated [CO 2 ] [130] . Transgenic tobacco overexpressing one of these enzymes, sedoheptulose-1,7-bisphosphatase, achieves enhanced photosynthesis and productivity [131] . C 3 plants grown at elevated [CO 2 ] consistently accumulate substantially larger pools of carbohydrates in leaves and other tissues, even when grown with unlimited rooting volume in the field [132] . The primary molecular response of soybean to growth at elevated [CO 2 ] is transcriptional reprogramming of the respiratory pathway, allowing greater use of the additional available assimilate [133] . Even though soybean undergoes this metabolic rewiring and is able to match greater C fixation with enhanced N assimilation [134] , there is still significant accumulation of leaf starch for much of the growing season [133, 135] . This implies that greater enhancement of productivity at elevated [CO 2 ] might be achieved by increasing utilization of photoassimilate. Despite improved understanding of how carbohydrate status drives productivity [136, 137] , further work is needed to determine how C utilization is controlled by interactions among sink metabolism, photoassimilate transport capacity and energy demand for photoassimilate export from source leaves [133, [138] [139] [140] [141] . Given the projected increases in temperature, drought and disease stress that crops will experience due to global environmental change, greater allocation of carbon resources to metabolites associated with stress tolerance could have multiple advantages [1] . For example, greater production of osmolytes, such as pinotol, mannitol and raffinose, can provide protection from dehydration under high temperature and drought stress, while antioxidant metabolites, such as ascorbate, reduce oxidative damage from elevated ozone and drought stress [142] [143] [144] . Greater carbon resources are typically assumed to allow plants to invest great resources in defence [145] . However, the changes in hormone signalling and secondary metabolism of soybean grown under elevated [CO 2 ] provide an interesting exception to this rule. When grown at elevated [CO 2 ] in the field, the inducible defence response of soybean to damage by Japanese beetle, induction of a protease inhibitor that hinders the beetles' digestive process, is impaired [146] . Changes in sugar-hormone interactions are thought to underpin the response and may provide another target for enhancing crop production in elevated [CO 2 ].
Growth at elevated [CO 2 ] increases nitrogen-use efficiency by stimulating A per unit leaf N and by allowing photosynthetic acclimation in which less N is allocated to Rubisco, leaving greater N resources available for other processes including growth [129, 147] . Despite these physiological changes, N availability strongly limits the response of productivity to elevated [CO 2 ] [132] . Legumes are able to achieve large increases in yield and maintain tissue C : N ratios under elevated [CO 2 ] because they can allocate additional carbon to N-fixing nodules, provided other nutrients are not limiting [148 -150] . Engineering other C 3 crops with the capacity to fix N through symbiotic relationships with nodule-forming or endophytic microbes would allow them to benefit more from rising [CO 2 ] and would be favoured by conditions of greater C availability. The biofuel crop, Miscanthus giganteus, shows the potential of such an approach, as it was recently shown to achieve its extremely high productivity by combining C 4 photosynthesis with N fixation by endophytic microbes [151] . A potentially deleterious coupling between inhibition of photorespiration at elevated [CO 2 ] and impairment of leaf N assimilation in Arabidopsis has also recently been proposed [152] . If this is the case in crop species under field conditions, and the response is not counteracted by greater root N assimilation, elucidation of the mechanism of response could yield a further target for biotechnological improvement to optimize the coupling of carbon and nitrogen metabolism and maximize productivity. adaptations to acquire and use water in exchange for [CO 2 ], which were presumably restricted to plants existing in mesic environments and (ii) adaptations for CO 2 concentrating mechanisms that increase photosynthetic efficiency and maximize water-use efficiency, which were presumably favoured in hot and dry environments. Nevertheless, while contemporary global environmental change is impacting many elements of plant biology, there is still no unequivocal evidence for plant adaptation to contemporary increases in [CO 2 ]. This includes no evidence for incidental breeding of crop varieties to achieve greater yield enhancement from future [CO 2 ]. The studies of evolution in response to elevated [CO 2 ] conducted to date applying selection in controlled environments, quantitative genetics and trait-based approaches suggest that the evolutionary responses of natural plant populations to future [CO 2 ] will not be consistent or strong relative to ecological and physiological responses. This lack of evidence for strong evolutionary effects is surprising given the large effects of elevated [CO 2 ] on plant phenotypes. Most selection and quantitative genetics studies to date, however, have been conducted in relatively simplistic environmental conditions, where biotic and abiotic stresses were avoided. Under more stressful and complex field environments, it is possible that the genetic changes in physiological traits observed in numerous studies may change from conditionally neutral to beneficial, thereby resulting in differential effects on growth and fitness. Given that temperature and potentially drought stress will increase simultaneously with [CO 2 ], such studies are needed to identify evolutionary effects and traits under selection in future environments. Improvements in both the number of traits and number of taxa included in existing trait datasets, as well as identification of likely adaptive traits through modelling or knowledge of physiological responses, may allow for rapid advances in identifying the physiological, phenological and morphological traits that may lead to increased growth and fitness in future, elevated [CO 2 ] environments. Already, efforts are underway to engineer plants to overcome present day [CO 2 ] limitations to photosynthesis and carbon gain. These include efforts to tackle those inefficiencies of Rubisco that natural selection has failed to overcome, as well as attempts to mimic the evolutionary successes of CO 2 concentrating mechanisms and photorespiratory shunts that allow enhanced carbon gain and greater resource-use efficiency in some higher plants, algae and bacteria. Looking further into the future, the continuing rise of [CO 2 ] will gradually diminish this limitation to photosynthesis and optimization of crop productivity will present a modified set of challenges. Methods to tackle this challenge are available and fundamental understanding of plant cellular and physiological responses is improving such that targets for biotechnological optimization of crop performance under future [CO 2 ] are being proposed and should be tested.
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